Behavioral plasticity induced by the integration of two sensory signals, such as associative learning, is an important issue in neuroscience, but its evolutionary origin and diversity have not been explored sufficiently. We report here a new type of such behavioral plasticity, which we call butanone enhancement, in Caenorhabditis elegans adult hermaphrodites: C. elegans specifically enhances chemotaxis to butanone by preexposure to butanone and food. Mutant analysis revealed that this plasticity requires the AWC ON olfactory neuron, whose fate is known to be determined by the NSY-1/ASK1 MAPKKK (mitogen-activated protein kinase kinase kinase) cascade as well as the DAF-11 and ODR-1 guanylyl cyclases. These proteins also control many aspects of olfactory sensation/plasticity in AWC neurons and seem to provide appropriate cellular conditions for butanone enhancement in the AWC ON neuron. Butanone enhancement also required the functions of Bardet-Biedl syndrome genes in the AWC ON neuron but not other genes that control ciliary transport. Furthermore, preexposure to butanone and the odor of food was enough for the enhancement of butanone chemotaxis. These results suggest that the AWC ON olfactory neuron may conduct a behavioral plasticity resembling associative learning and that the functions of Bardet-Biedl syndrome genes in sensory cilia may play an important role in this plasticity.
Introduction
Animals sense a variety of environmental cues and change their behavior as a consequence of the experience. The mechanism of such behavioral plasticity is an important issue in neurobiology and investigated often by using model organisms with a simple nervous system such as the nematode Caenorhabditis elegans.
Despite its simple nervous system, C. elegans shows relatively complicated behavioral plasticity induced by simultaneous sensation of two different stimuli (Hedgecock and Russell, 1975; Gomez et al., 2001; Saeki et al., 2001; Ishihara et al., 2002; Nuttley et al., 2002; Bettinger and McIntire, 2004; Chao et al., 2004; Mohri et al., 2005; Murakami et al., 2005; Remy and Hobert, 2005; Zhang et al., 2005; Kodama et al., 2006; Kuhara and Mori, 2006; Tomioka et al., 2006; Vellai et al., 2006) . This type of plasticity must contain a process that integrates the two signals and therefore has been compared with associative learning. One of the signals, corresponding to conditioned stimulus in associative learning, is a gustatory, olfactory, or temperature stimulus, whereas the other, corresponding to unconditioned stimulus, is usually starvation or food but sometimes ethanol or visceral malaise. In most cases, the signal of food seems to be mediated by serotonin. Exogenous serotonin has the same effect as food, and mutants in serotonin synthesis genes exhibit defects in the effect of food on many behaviors (Horvitz et al., 1982; Sawin et al., 2000; Sze et al., 2000; Saeki et al., 2001; Nuttley et al., 2002; Remy and Hobert, 2005; Zhang et al., 2005) .
We have been studying behavioral plasticity induced by AWC-sensed odorants and food. AWC neurons are bilateral ciliated olfactory neurons in the head that sense butanone, benzaldehyde, isoamyl alcohol, 2,3-pentanedione, etc. (Bargmann et al., 1993) . The two AWC neurons look similar in structure but are different in the expression of the G-protein-coupled receptor STR-2, which is randomly expressed in either the left or the right AWC neuron but never in both Sagasti et al., 2001 ). The asymmetry is initiated by axon contact between the two AWC neurons, followed by the repression of calcium signaling and the NSY-1/ASK1 MAPKKK (mitogen-activated protein kinase kinase kinase) signaling in only one of them, in which STR-2 is expressed. The DAF-11 and ODR-1 guanylyl cyclases are required to maintain the STR-2 expression. There are also functional differences between the two AWC neurons: low concentrations of butanone can be detected only by the STR-2-expressing (AWC ON ) neuron, whereas low concentrations of 2,3-pentanedione only by the STR-2 nonexpressing (AWC OFF ) neuron (Wes and Bargmann, 2001) .
In this study, we report a new type of behavioral plasticity, which we call "butanone enhancement." It is distinct from known behavioral plasticity induced by two sensory stimuli in either or both of the following two points: the unconditioned stimulus is food rather than starvation, and serotonin cannot substitute for food in this plasticity. Mutant analysis revealed that it is probably conducted in the AWC ON neuron and requires the functions of Bardet-Biedl syndrome genes, suggesting the importance of sensory cilia in this plasticity.
Materials and Methods
Worm culture and strains. Animals were cultivated on nematode growth medium (NGM) plates on the Escherichia coli strain OP50 by standard methods (Brenner, 1974) . The wild-type strain of this study was C. elegans variation Bristol N2. Another wild-type strain CB4856 was used for single nucleotide polymorphism (SNP) mapping. The mutant strains used in this study are the following: olrn-1(ut305), nsy-6(ky626), olrn-2(ut306), nsy-1(ky542), daf-11(m84), nsy-7(ky630), nsy-8(ky648), slo-1(ky389gf), str-2(tm445), egl-4(n478), osm-9(ky10), sdf-13(ut180), tph-1(mg280), cat-1(e1111), cat-2(e1112), cat-4(e1141), tdc-1(ok914), ttx-3(mg158), hen-1(tm501), glr-1(ky176), eat-4(ky5), sra-13(zh13), egl-3(n150), egl-21(n611), lim-4(ky403), che-1(p672), bbs-8(nx77), bbs-1(ok1111), osm-12(n1606), osm-1(p808), osm-3(p802), dyf-1(mn335), daf-10(e1387), che-11(e1810) , and che-2(e1033). nsy-6(ky626 ) was isolated by Miri VanHoven in the Bargmann laboratory (Rockefeller University, New York, NY) in the screening for mutants showing the AWCsymmetry phenotype and later found to be allelic to olrn-1(ut305) (S. Bauer-Huang and C. I. Bargmann, personal communication; our unpublished results). The two olrn-1/nsy-6 mutants showed essentially the same phenotypes. olrn-2(ut306) was found to be allelic to bbs-8(nx77) in this study. ODR-1(OE) is an odr-1(n1936) mutant strain carrying highcopy transgenes of the wild-type odr-1 genomic clone, showing stronger expression of ODR-1 than N2 (L'Etoile and Bargmann, 2000) . gpa-3(gf) is a strain with a chromosomal insertion (syIs25 X ) of the gain-offunction (Q205L) mutant gpa-3 transgenes, showing a cilium structure mutant phenotype as detected by the dye-filling test (Zwaal et al., 1997) . The nsy-7 and nsy-8 mutants (M. VanHoven and C. I. Bargmann, personal communication) , which show a 2 AWC OFF phenotype at the adult stage such as daf-11, exhibited weak defects in butanone enhancement and chemotaxis to 1:1000 butanone. The str-2(tm445) mutant showed normal butanone enhancement, indicating that the requirement of the str-2-expressing AWC neuron (AWC ON ) is not attributable to the requirement of str-2 expression itself.
Behavioral assay. Chemotaxis assays were performed by standard methods (Bargmann and Horvitz, 1991; Bargmann et al., 1993) . Approximately 100 animals were washed twice with S basal (Brenner, 1974) and once with distilled water. They were transferred to the center of a 9 cm chemotaxis assay plate containing 10 ml of assay agar. Two microliters of the test odorant, diluted with ethanol, were placed at one end of the plate, and 2 l of the solvent (ethanol) at the other end. The dilutions (v/v) of the test odorants for chemotaxis assays were usually 1:10 for butanone and 1:200 for benzaldehyde. The dilution of butanone was exceptionally 1:1000 in the butanone adaptation experiments, and the dilution of benzaldehyde was exceptionally 1:35 in the experiments for testing the effect of preexposure to butanone and food. In selection assays, 2 l of the control odorant, also diluted with ethanol, was used instead of the solvent. The dilutions of the control odorants were 1:100 for isoamyl alcohol and 1:1000 for diacetyl, whereas the dilution of the test odorant, butanone, was 1:10. One microliter of 1 M NaN 3 was placed at each end of the plate to paralyze the animals on arrival near each end. The chemotaxis index (CI) was calculated as follows: CI ϭ {(number of animals at the test odorant) Ϫ (number of animals at the solvent or control odorant)}/(total number of animals tested). In the butanone enhancement experiment of slo-1(gf);olrn-1, which also carried a chromosomal insertion of str-2::green fluorescent protein (GFP) (kyIs140), all of the animals at the test odorant, the solvent, and the other place were picked separately after the chemotaxis assay and tested for their str-2 expression phenotype under a fluorescence microscope. The chemotaxis indexes for 2 AWC ON , 1 AWC ON /1 AWC OFF , and 2 AWC OFF animals, respectively, were calculated by using these data. Unless otherwise noted, chemotaxis and selection assays were conducted for 60 min. The average and SEM of 4 -15 plates are presented in the figures, except for Figure 5C (three plates for each data) and Figure 5D (two to four plates). *p Ͻ 0.005 and **p Ͻ 0.05 in the figures indicate statistically significant differences by the paired t test. The assay of butanone enhancement was based on the standard assay for adaptation (Colbert and Bargmann, 1995) . Animals were washed twice with S basal and once with distilled water and transferred to a 9 cm plate containing 10 ml of NGM agar with or without E. coli OP50 (food) for preexposure. The agar contained 5 mM serotonin (Creatinine Sulfate Complex; Sigma, St. Louis, MO) when the effect of exogenous serotonin was tested. Odorant was distributed among six agar plugs on the lid of the plate, and the plate was sealed with Parafilm. After preexposure for 90 min, the animals were washed twice with S basal and once with distilled water and tested for the chemotaxis assay or the selection assay as described above. The amounts of odorants used for the preexposure were 12 l in butanone enhancement, 30 l in the butanone adaptation, 1.8 l in benzaldehyde adaptation, and 12 l in isoamyl alcohol adaptation.
The experiments of butanone enhancement with butanone and the odor of food were conducted as follows. Thick lawn of the E. coli OP50 was grown on enriched peptone plates [0.12% NaCl, 2.5% agar, 2% BactoPeptone (Difco, Detroit, MI), 5 mg/L cholesterol, 1 mM MgSO 4 , and 25 mM K-phosphate buffer, pH6.0]. The agar with the bacterial lawn (40 cm 2 in total), together with the agar containing butanone, was placed on the lid of a 9 cm preexposure plate containing 10 ml of NGM agar without food. There was a space of a few millimeters between the bacterial lawn and the worms on the NGM agar. The amount of butanone and the time length for preexposure were exceptionally 0.24 l and 60 min to reduce the effect of butanone adaptation and starvation. The number of worms on the preexposure plate was Ͻ100. Other experimental procedures were the same as those for butanone enhancement with butanone and food.
Mutant screening. Animals were mutagenized with ethyl methanesulfonate by the standard method (Brenner, 1974) . Four to 10 mutagenized L4 animals (P0) were placed on a 9 cm NGM plate and allowed to selffertilize for two generations. The F2 progeny were collected at the young adult stage, preexposed to 12 l of butanone in the presence of food, and tested for the selection assay. In the first selection assay, the test odorant was 1:10 butanone, and the control odorant was 1:10,000 isoamyl alcohol. The concentration of the control odorant was lower than the ordinary selection assay to ensure strict selection of mutants. Animals at isoamyl alcohol were collected, allowed to recover for 24 h, and subjected to a second round of preexposure and the selection assay. In the second selection assay, the test odorant was 1:10 butanone, and the control odorant was 1:10,000 diacetyl. Animals at diacetyl were chosen as candidates of mutants defective in butanone enhancement. The progeny of 2500 mutagenized F1 animals (5000 genomes) were screened, and 10 mutants were isolated. Of these mutants, olrn-1(ut305) and olrn-2(ut306) were characterized in detail, because they showed the strongest defects but normal chemotaxis to 1:10 butanone. These mutants were outcrossed to wild-type animals eight times before detailed characterization.
Positional cloning of olrn-1 and olrn-2 genes. Mapping of olrn-1(ut305) and olrn-2(ut306) was performed by using single nucleotide polymorphisms between the two wild-type strains, N2 and CB4856 (Wicks et al., 2001) , in which CB4856 showed normal butanone enhancement like N2.
The presence of these mutations was detected by the phenotype of butanone enhancement abnormality. olrn-1 mapped between R03A10.5 and C02C6.1 on the right of LGX. DNA fragments containing each predicted gene in this region were used for rescue experiments. olrn-2 mapped between K11G9 and T07H8 near the center of LGV. Cosmid clones in this region were tested for the rescue of the abnormality in butanone enhancement. The cosmid T25F10 as well as its PCR fragment containing only T25F10.2 was found to rescue the phenotype.
DNA constructs. For making the olrn-1::GFP construct, a DNA fragment containing a 5 kb upstream sequence and the olrn-1 coding region was amplified by PCR by using the primers CGA CCC TGC CCA TTA GGC ATG CTT AAA CC and CGC CCG GTT CCT GAC CAC CGA CAC CTC GAA TCG CTC GAC AAG and cloned into the pPD95.75 vector (A.
Fire, Stanford University School of Medicine, Stanford, CA) in which the original GFP had been replaced by an improved version of yellow fluorescent protein (venus) (Nagai et al., 2002) . For cell-specific expression of olrn-1 and olrn-2, we made constructs using the Fire vector pPD49.26, which was designed for ectopic expression. The olrn-1 cDNAs (yk662e1 and yk1471c01) and the olrn-2 cDNAs (yk1227h12, yk1343g05, and yk1227h12) were obtained from Yuji Kohara (National Institute of Genetics, Mishima, Japan).
Germ-line transformation. Germ-line transformation was performed by microinjection (Mello et al., 1991) . The DNA concentrations were 10 -20 ng/l for the DNA to be tested, along with 5 ng/l pmyo-3::GFP DNA and 50 -100 ng/l carrier DNA for rescue experiments, and 100 ng/l for the olrn-1::GFP construct without marker or carrier DNA for expression studies.
Laser ablation. The AWC ON neuron of N2 animals was marked with str-2::GFP (kyIs140) and killed by laser microsurgery at the L1 or L2 larval stage (Bargmann and Avery, 1995) . After the animals were grown to young adults, the absence of str-2::GFP fluorescence was confirmed. Mock-ablated animals were treated in the same way as AWC ON -ablated animals except that the laser operation was not conducted. More than 65 AWC ON -ablated and mock-ablated young adult animals were tested for the selection assay both after and without preexposure to butanone and food. Half of the animals were tested first for the selection assay without preexposure, allowed to recover on NGM plated with food, and then tested for the selection assay after preexposure. The other half of the animals were tested in the opposite order.
Results

Chemotaxis to butanone is enhanced by preexposure to butanone in the presence of food
To investigate how animals change their behavior by integrating two environmental signals, we developed a new assay method, using the nematode C. elegans. In this assay, C. elegans young adult hermaphrodites were exposed to the odorant butanone in the presence of the food E. coli, and the effect of this exposure was tested by chemotaxis to the same odorant ( Fig. 1 A) . The dilution of butanone for chemotaxis was 1:10ϫ, which was enough to be sensed by both AWC ON and AWC OFF neurons. After exposure to butanone in the absence of food, animals adapted to the odorant and reduced the efficiency of chemotaxis, as reported previously (Colbert and Bargmann, 1995) (Fig. 1 B) . In contrast, after exposure to the odorants in the presence food, animals exhibited a higher chemotaxis index to butanone than naive animals. This phenomenon cannot be explained by the inhibition of adaptation by food, which was reported by Nuttley et al. (2002) for benzaldehyde. Rather, animals seemed to integrate the signals of food and butanone to enhance chemotactic responses to butanone. We therefore named this behavioral plasticity butanone enhancement and investigated it in detail. Animals kept in the absence of butanone and food showed the same chemotaxis index as naive animals (data not shown).
We investigated various conditions for butanone enhancement. This plasticity was specific to the species of the odorant for chemotaxis, i.e., preexposure to butanone and food did not change the efficiency of chemotaxis to benzaldehyde, although benzaldehyde is sensed also by AWC neurons (Fig. 1 B) . Comparison of the dose-response curves of chemotaxis with and without the preexposure revealed that the preexposure increased the efficiency of chemotaxis in the range of dilution of 1ϫ to 1:1000ϫ but not at very low concentrations (Fig. 1C ). This suggests that the enhancement is not attributable to the increase in the affinity of the butanone receptor. The dose-response curve of naive animals showed that chemotaxis to 1:10ϫ or 1:100ϫ butanone was less efficient than chemotaxis to 1:1000ϫ butanone, which might suggest the presence of a mechanism for suppressing chemotaxis at high butanone concentrations. The dependence of chemotaxis indexes on the time length of chemotaxis revealed that both the initial speed of chemotaxis and the maximum chemotaxis index were increased by the preexposure (Fig. 1 D) . Only a small amount (0.06 l) of butanone was required for preexposure, whereas we used a much larger amount (12 l) in the standard Figure 1 . Characteristics of butanone enhancement. A, The assay method of butanone enhancement. Animals preexposed to butanone in the presence (top) and absence (bottom) of food for 90 min and naive animals (middle) were tested for chemotaxis to the test odorant (top) or for selection between the test odorant and the control odorant (bottom) for 60 min. B, Preexposure to butanone and food enhanced chemotaxis of wild-type animals to butanone but not to benzaldehyde. Chemotaxis indexes to 2 l of 1:10 butanone (But) and 2 l of 1:35 benzaldehyde (Benz) without and after preexposure to 12 l of butanone in the presence and absence of food. Animals kept in the absence of butanone and food showed the same chemotaxis indexes as naive animals, although the data are not shown. Fifteen plates were used for each data of butanone chemotaxis and eight plates for each data of benzaldehyde chemotaxis. *p Ͻ 0.005, comparing naive animals and animals preexposed to butanone and food for butanone chemotaxis. Chemotaxis to benzaldehyde was conducted at various dilutions, but enhancement of chemotaxis by preexposure to butanone and food was not detected at all. C, Dose-response curves of wild-type animals for chemotaxis to butanone after and without preexposure to butanone and food. The abscissa shows the dilution of butanone used for chemotaxis. At least six plates were used for all data. D, Dependence of chemotaxis indexes on the time length of chemotaxis to butanone after and without preexposure to butanone and food. Six plates were used for all data. E, Dependence of chemotaxis indexes on the amount of butanone for preexposure in butanone enhancement. Butanone was diluted 2-to 10,000-fold with ethanol for preexposure. The abscissa shows the amount of butanone contained in the solution for preexposure. Four to six plates were used for all data. F, Dependence of chemotaxis indexes on the time length of preexposure to butanone and food and to food without butanone (control). Six plates were used for all data. In all of these figures, the butanone dilution and the time length for chemotaxis were 1:10ϫ and 60 min, whereas the amount of butanone and the time length for preexposure were 12 l and 90 min, respectively, unless otherwise indicated. The error bars indicate SEM. assay (Fig. 1 E) . The dependence on the time of preexposure showed that the effect was detected at 30 min and saturated at 60 min, whereas we used 90 min in the standard assay (Fig. 1 F) .
The duration of the memory of preexposure was investigated by changing the length of the interval between the end of preexposure and the start of chemotaxis (Fig. 2 A) . When the animals were kept in the absence of butanone and food during the interval, the memory lasted for 4 h but not 8 h (Fig. 2 B) . In contrast, when animals were kept in the absence of butanone but presence of food, the chemotaxis index decreased more quickly (in 1 h) to the level of naive animals (Fig. 2C ). This may be interpreted as a kind of unlearning or dissociation of butanone and food signals. In the presence of butanone but absence of food, the chemotaxis index fell off in 30 min to a very low level as a result of adaptation to butanone (Fig. 2C) . The memory (Ͼ4 h) seems to be kept longer than other memories of smell, taste, or temperature (Colbert and Gomez et al., 2001; Saeki et al., 2001; Mohri et al., 2005) , except the memory of olfactory imprinting (Remy and Hobert, 2005) , which lasts for a lifetime but can be gained only at the L1 larval stage.
Although the presence of food during preexposure was essential, butanone enhancement did not seem to require serotonin, unlike other food-modulated behaviors in C. elegans. Mutants in serotonin synthesis genes (tph-1, cat-4 ) (Sulston et al., 1975; Sze et al., 2000) and a gene required for the vesicular transport of monoamines (cat-1) (Duerr et al., 1999) showed normal butanone enhancement (Fig. 2 D and data not shown) . Preexposure to butanone in the presence of 5 mM serotonin did not enhance chemotaxis to butanone, although adaptation to butanone was partially inhibited. Besides mutants in serotonin synthesis and secretion, the following mutants showed normal butanone enhancement (data not shown): (1) mutants in olfactory adaptation, osm-9, egl-4, and sdf-13/Ce-tbx-2 (Colbert and Bargmann, 1995; L'Etoile et al., 2002; Miyahara et al., 2004) , (2) mutants in dopamine synthesis (cat-2) (Sulston et al., 1975) and synthesis of tyramine and octopamine (tdc-1) (Alkema et al., 2005) , (3) mutants in the differentiation (ttx-3) and a function (hen-1) of AIY interneurons, which often play essential roles in sensory integration and behavioral plasticity (Gomez et al., 2001; Ishihara et al., 2002; Remy and Hobert, 2005) , (4) mutants in glutamatergic synaptic transmission ( glr-1, eat-4 ), which show abnormality in mechanosensory habituation (Rankin and Wicks, 2000; Rose et al., 2003) , (5) a mutant in a G-protein-coupled receptor that downregulates the activity of AWC neurons (sra-13) (Battu et al., 2003) , (6) mutants in the processing of neuropeptides (egl-3, egl-21) (Kass et al., 2001; Jacob and Kaplan, 2003) , and (7) mutants in the specific fate and functions of AWB neurons (lim-4 ) and ASE neurons (che-1) Uchida et al., 2003) .
Isolation and characterization of mutants that show abnormality in butanone enhancement
Because butanone enhancement did not require known plasticity genes, we decided to newly isolate mutants that show abnormality in this function. For this purpose, we modified the assay by using a control odorant (Fig. 1 A, bottom right) . In the chemotaxis assay, we put the solvent on the other side of the test odorant, as a control. In contrast, in the modified assay, which we call selection assay, we put a control odorant (isoamyl alcohol or diacetyl) instead of the solvent and let the animals select between the control odorant and the test odorant (butanone). The concentrations of the odorants were determined so that a majority of naive animals migrated to the former, whereas a majority of preexposed animals migrated to the latter (Fig. 3A, right, N2) .
Using the selection assay after preexposure to butanone and food (see Materials and Methods), we isolated 10 mutants that showed abnormality in butanone enhancement and named them olrn (olfactory learning) mutants. Two of them, olrn-1(ut305) and olrn-2(ut306), which showed the strongest abnormality among these mutants, were characterized further. Without preexposure, both olrn-1 and olrn-2 animals exhibited normal chemotaxis to 1:10 butanone (Fig. 3A) . After exposure to butanone in the absence of food, they showed normal adaptation to butanone. However, after exposure to butanone in the presence of food, the mutants did not increase but decreased their response Figure 2 . Memory duration and effect of serotonin on butanone enhancement. A, Experimental scheme of memory duration experiments. Three conditions for the interval period were tested, while animals were normally preexposed to butanone and food but to food only in control experiments. B, Memory duration of butanone enhancement. Wild-type animals were exposed to 12 l of butanone with food (filled squares; butanone enhancement experiment) or food only (open rhombuses; control experiment), washed, kept on NGM plates without butanone and food for the time lengths indicated on the graph, and tested for chemotaxis to 1:10 butanone. The results showed that animals retained the memory for 4 h but not for 8 h. Five to six plates were used for all data. C, "Unlearning" of butanone enhancement. Wild-type animals were exposed to 12 l of butanone and food (filled squares; butanone enhancement) or food only (open rhombuses; control), washed, kept on NGM plates with food but without butanone for the time lengths indicated on the graph, washed, and tested for chemotaxis to 1:10 butanone. Triangles show the results of the experiment in which wild-type animals were exposed to 12 l of butanone and food, washed, kept on NGM plates with 12 l of butanone without food, washed, and tested for chemotaxis to 1:10 butanone. The control experiment for the latter was not conducted. Animals lost the memory quicker in both cases than in experiments shown in B. Six plates were used for all data. D, The effects of the serotonin synthesis mutation tph-1 and exogenous serotonin on butanone enhancement. "ϩ5HT" means that exogenous serotonin (5 mM) was contained in the preexposure plates. Four to 15 plates were used for all data. *p Ͻ 0.005, **p Ͻ 0.05, comparing "conditioning with butanone and food" with "conditioning with butanone and serotonin." The error bars indicate SEM.
to butanone, as if they had defects in the sensation of food, integration of the signals of butanone and food, or formation of the memory. In the selection assay, they migrated to the control odorant even after exposure to butanone and food, as expected. Figure 3C shows the dose-response curves of butanone chemotaxis with and without preexposure to butanone and food for N2, olrn-1, and olrn-2 animals. olrn-1 animals exhibited defects in chemotaxis to 1:1000 and lower concentrations of butanone. At higher concentrations of butanone, olrn-1 animals did not increase but decreased the chemotaxis index by preexposure. Besides these abnormalities, olrn-1 animals showed abnormality in adaptation to benzaldehyde and isoamyl alcohol (Fig. 3B and data not shown). In contrast, olrn-2 animals showed normal chemotaxis to butanone at all concentrations and decreased the chemotaxis index by preexposure especially at the butanone dilutions of 1ϫ to 1:100ϫ.
olrn-1 encodes a novel protein required for producing the AWC ON neuron We cloned the olrn-1 gene by positional cloning. Genomic DNA fragments containing C02C6.2 gene could rescue all of the olrn-1 phenotypes, namely, butanone enhancement, chemotaxis to 1:1000 butanone, and adaptation to benzaldehyde (Fig. 4 A) . The WormBase (http://www.wormbase.org/; release WS160) showed that C02C6.2 gene produces two types of transcripts (a-and b-types), which differ in short 5Ј sequences (Fig. 4 B) . They encoded proteins of 561 and 554 amino acids, respectively, both containing three predicted transmembrane domains. The amino acid sequences showed partial homology to the fruit fly Raw protein, which is required for the restriction of JNK (cJun N-terminal protein kinase) signaling in embryogenesis (Byars et al., 1999) . The ut305 mutation was located at the spliceacceptor site of the fourth intron (AG to AA), between the second and the third predicted transmembrane domain in the corresponding amino acid sequence. Another allele of olrn-1, ky626, which was isolated in the Bargmann laboratory, showed essentially the same phenotypes as ut305. Detailed molecular characterization of the C02C6.2 gene is going on in the Bargmann laboratory (Bauer-Huang and Bargmann, personal communication).
A functional olrn-1::GFP fusion gene was expressed in many pharyngeal neurons and some head neurons (data not shown). To examine in which cell the olrn-1 gene acts for butanone enhancement, a full-length C02C6.2b cDNA was fused to a variety of cell-specific promoters and introduced into olrn-1 mutant animals. The phenotypes of the transformants revealed that expression of the wildtype olrn-1 gene in AWC neuron is required for butanone enhancement, chemotaxis to 1:1000 butanone, and adaptation to benzaldehyde (Fig. 4C and data not  shown) .
The same experiments showed that a DNA construct with the str-2 promoter, which drives expression in the AWC ON neuron in wild-type animals, could not rescue the mutant phenotypes. We therefore examined the expression of str-2::GFP in olrn-1 mutants and found that it was expressed in neither of the AWC neurons (2 AWC OFF phenotype). The result also explained why olrn-1 mutants showed defects in chemotaxis to 1:1000 butanone (Wes and Bargmann, 2001 ). The 2 AWC OFF phenotype was rescued also by the expression of the wild-type olrn-1 in AWC neurons.
The AWC
ON neuron is required for butanone enhancement The 2 AWC OFF phenotype of olrn-1 animals suggested that the AWC ON neuron might be required for butanone enhancement. The following experimental results indicated that this was actually the case. (1) The 2 AWC ON mutation nsy-1(ky542) was epistatic to olrn-1(ut305) in the str-2::GFP expression and suppressed all of the olrn-1 mutant phenotypes (Fig. 5 A, B and data not shown). (2) Another 2 AWC OFF mutant, daf-11(m84), also showed abnormality in butanone enhancement and chemotaxis to 1:1000 butanone, although the mutant showed normal adaptation to benzaldehyde (Fig. 5 A, 
. Effect of olrn-1(ut305) and olrn-2(ut306) mutations on butanone enhancement and benzaldehyde adaptation. A,
The olrn-1 and olrn-2 mutants showed defects in butanone enhancement. The results of both the chemotaxis and selection assay are presented. The experimental conditions were the same as Figure 1 B, and the control odorant in the selection assay was 1:1000 isoamyl alcohol. *p Ͻ 0.005, comparing the wild-type (N2) animal with the olrn-1 and olrn-2 mutants, respectively, for butanone enhancement. Four to 15 plates were used for all data. B, The olrn-1 mutant but not the olrn-2 mutant showed abnormality in adaptation to benzaldehyde. Chemotaxis to 1:200 benzaldehyde was conducted after and without exposure to 1.8 l of benzaldehyde. Eight plates were used for "N2, BenzϩFood" and 10 plates for "olrn-1, BenzϩFood", whereas five to eight plates were used for other data. **p Ͻ 0.05, comparing the wild-type (N2) animal with the olrn-1 mutant for adaptation. C, The doseresponse curves of wild-type (N2), olrn-1, and olrn-2 animals for chemotaxis to butanone after and without exposure to 12 l of butanone and food. The abscissas show the dilution of butanone used for chemotaxis. The figure for N2 is the same as Figure 1C . Four to 10 plates were used for all data. The error bars indicate SEM.
consisted of those expressing str-2::GFP in two, one, and neither of the AWC neurons, respectively, and showed a butanone enhancement phenotype intermediate between slo-1(gf) and olrn-1 (Fig. 5A ). These animals were tested for a more detailed butanone enhancement assay in which the chemotaxis indexes for 2 AWC ON , 1 AWC ON /1 AWC OFF , and 2 AWC OFF animals, respectively, were calculated separately (Materials and Methods). The results clearly indicated that 2 AWC ON and 1 AWC ON /1 AWC OFF animals were normal, but 2 AWC OFF animals were defective in butanone enhancement, despite the fact that all of these animals had the same genotype (Fig. 5C) . (4) Finally, the AWC ON neuron in wild-type animals was killed by laser microsurgery at the L1 larval stage, and the animals were tested for butanone enhancement after they grew to adults. The results revealed that AWC ON -ablated wild-type animals were abnormal in butanone enhancement (Fig. 5D) (Wes and Bargmann, 2001 ) and a defect in adaptation to butanone (L'Etoile and Bargmann, 2000) . We therefore hypothesized that other 2 AWC ON mutants may also show defects in adaptation to butanone. This was verified by experiments in which nsy-1 and slo-1(gf) mutants were tested for butanone adaptation (Fig. 5E ). Because the AWC OFF neuron cannot sense 1:1000 butanone, which was used for chemotaxis in these experiments, the results suggest that the AWC ON neuron in 2 AWC ON animals and that in wild-type animals have different properties concerning butanone adaptation.
The functions of Bardet-Biedl syndrome genes in the AWC
ON neuron are required for butanone enhancement
We also cloned the olrn-2 gene, whose mutant exhibited defects in butanone enhancement without showing defects in chemotaxis to 1:1000 butanone, adaptation to benzaldehyde, or expression of str-2 gene (Fig. 3 B, C and data not shown). olrn-2(ut306) mapped near the center of LGV, and genomic DNA fragments containing only T25F10.5 gene rescued the butanone enhancement abnormality of olrn-2(ut306). The ut306 mutation was located at the splice donor site of the first intron (GT to AT). Expression of the wild-type olrn-2 cDNA by various extrinsic promoters revealed that olrn-2 gene acts in the AWC ON neuron for butanone enhancement (Fig. 6 A) . olrn-2 gene was allelic to bbs-8, one of the Bardet-Biedl syndrome genes, in which Bardet-Biedl syndrome is a genetically heterogeneous human developmental disorder characterized by a pleiotropic phenotype that includes obesity, rod-cone dystrophy, renal malformations, polydactyly, cognitive impairment, and several other aliments such as congenital heart defects and diabetes (Blacque et al., 2004) . It is known that bbs-8 gene is expressed in ciliated sensory neurons (Ansley et al., 2003) and that mutations in bbs-8 gene cause structural defects in cilia (Blacque et al., 2004) , which was also true for the olrn-2(ut306) mutation as detected by the dye-filling test (Starich et al., 1995) . Furthermore, the bbs-8(nx77) mutant as well as mutants in other bbs genes, bbs-1(ok1111) and osm-12(ϭbbs-7)(n1606) also showed defects in butanone enhancement (Fig. 6 B) .
Because bbs mutations lead to partial loss of distal ciliary segments (Blacque et al., 2004) , we examined butanone enhancement of other mutants that were known to show abnormality in cilium structure (Perkins et al., 1986; Zwaal et al., 1997; Ou et al., 2005) . Mutants exhibiting various cilium defects, such as osm-3(p802), dyf-1(mn335), daf-10(e1387), che-11(e1810), and gpa-3(gf) , showed normal butanone enhancement (Fig. 6C) . Even osm-1(p808) and che-2(e1033) mutants, which have very short cilia, increased their chemotaxis index by preexposure to butanone and food, although their chemotaxis index after the preexposure was still lower that that of wild-type animals. These results indicate that the abnormality in butanone enhancement is specifically related to defects in bbs mutants but not in other cilium structure mutants. Predicted transmembrane domains and the region showing homology to Drosophila Raw are shown, together with a partial amino acid sequence of Raw. C, Rescue of the butanone (But) enhancement defect of olrn-1 with the wild type olrn-1 cDNA driven by a variety of cell-specific promoters. The selection assay was used to detect the rescue sensitively. The left two columns show control experiments with wild-type and olrn-1(ut305) animals. The olrn-1 cDNA driven by the H20 (pan-neuronal), gcy-10 (AWC, AWB, and I1), and odr-3 (AWC, AWA, AWB, ASH, and ADF) promoters, but not str-1 (AWB), str-2 (AWC ON ), or ttx-3 (AIY) promoters, rescued all of the olrn-1 mutant phenotypes. Four to six plates were used for all data. *p Ͻ 0.005, comparing the olrn-1 mutant with the olrn-1 mutant carrying transgenes. The error bars indicate SEM. Iso, Isoamyl alcohol.
Mechanism of food sensation in butanone enhancement
The best known food signaling pathways in C. elegans are those for the modulation of locomotion rates of well fed and starved animals by food (Sawin et al., 2000) . We tested the olrn-1(ut305) and olrn-2(ut306) mutants for these behaviors and found that both of them were normal (data not shown). This is consistent with the results that butanone enhancement is independent of serotonin and dopamine. It also shows that, if olrn-1 or olrn-2 is involved in food sensation, the mechanism for food sensation in butanone enhancement must be different from that in the modulation of locomotion rates.
To learn about the mechanism of food sensation in butanone enhancement, we conducted experiments in which animals were preexposed to butanone and the odor of food and then tested for chemotaxis to butanone. Wild-type animals preexposed in this way showed a higher chemotaxis index than those preexposed to butanone alone but a lower chemotaxis index than naive wild-type animals (Fig. 7) . The reason, we thought, may be that the odor of food, unlike food itself, cannot inhibit butanone adaptation efficiently. We therefore used the osm-9(ky10) mutant, which shows poor butanone adaptation (Colbert and Bargmann, 1995) but normal butanone enhancement. As expected, osm-9 animals preexposed to butanone and the odor of food showed a higher chemotaxis index than naive osm-9 animals, although they still showed a lower chemotaxis index than osm-9 animals preexposed to butanone and food. The osm-9(ky10);olrn-2(ut306) double mutant, a negative control, did not increase its chemotaxis index by preexposure to butanone and the odor of food. These results indicate that the odor of food accounts for a considerable part, if not all, of the food signal in butanone enhancement. They also give information on the neurons that sense food for butanone enhancement. Of the neurons that were reported to sense odors (AWA, AWB, AWC, ASH, and ADL), AWA, ASH, and ADL can be excluded from the candidates, because they require osm-9 gene for odor sensation Tobin et al., 2002) . AWB may also be excluded, because the lim-4(ky403) mutant, which has defects in the differentiation of AWB neurons , showed normal butanone enhancement (data not shown). Therefore, it is likely that AWC neurons sense a major part of the food odor for butanone enhancement, although other possibilities are not completely rejected.
Discussion
Butanone enhancement: a newly characterized behavioral plasticity in C. elegans We characterized butanone enhancement, i.e., specific enhancement of butanone chemotaxis by preexposure to butanone and food. It is distinct from other foodrelated behavioral plasticities in C. elegans, because it does not require serotonin, which is required for the modulation of many behaviors by food. Furthermore, it does not depend on genes that act in known behavioral plasticities, as far as we checked. Butanone enhancement resembles olfactory imprinting in that preexposure to an odorant in the presence of food enhances chemotaxis to the same odorant but not to other odorants (Remy and Hobert, 2005) . However, in the latter plasticity, preexposure must be conducted at the L1 stage, serotonin can replace for food, and ttx-3 mutations block the plasticity, unlike butanone enhancement.
This type of plasticity is not limited to butanone. Our laboratory found similar chemotaxis enhancement with 2,3-pentanedione and isoamyl alcohol (H. Ichijo, I. Torayama, K. D. were used for all data. D, The results of butanone enhancement assay (selection assay between 1:10 butanone and 1:100 isoamyl alcohol) for mock-ablated and AWC ON -ablated wild-type animals. The selection assay was used to detect the butanone enhancement phenotype with a small number of animals (65-149 animals for each experiment). Each datum represents the result of selection assay using two to four plates. E, Adaptation to butanone of olrn-1, nsy-1, slo-1(gf), ODR-1(OE), and daf-11 mutants. Chemotaxis to 1:1000 butanone for 60 min was conducted without and after exposure to 30 l of butanone in the absence of food for 90 min. Four to six plates were used for all data. **p Ͻ 0.05, comparing the wild-type (N2) animal with the nsy-1 mutant, slo-1(gf ) mutant, and ODR-1(OE), respectively, for adaptation. This figure also shows defective chemotaxis of olrn-1 and daf-11 mutants to 1:1000 butanone. The error bars indicate SEM.
Kimura, and I. Katsura, unpublished results). Even our failure to detect enhancement with some other odorants (benzaldehyde, diacetyl) might be attributable to technical reasons, for instance, attributable to premature enhancement of chemotaxis in naive animals by chemicals contained in the bacteria or the agar for worm cultures. The occurrence of this type of plasticity in multiple odorants is consistent with the idea that it is important in the behavior of C. elegans.
This type of plasticity may confer a selective advantage to C. elegans under natural conditions. Bacteria produce a variety of odorants, whose concentrations depend on the species of bacteria and environmental conditions (Sondergaard and Stahnke, 2002) . This type of plasticity may enable C. elegans to migrate efficiently to those bacteria that produce the same odorants as it has met shortly before.
Butanone enhancement is similar to classical conditioning in a certain aspect: it integrates two sensory signals to change behavior in a direction that is beneficial to the animal's survival and proliferation. However, it also has properties different from those of classical conditioning. First, naive animals already have tendency to migrate to butanone, and preexposure to butanone and food only enhances this tendency. Second, the enhancement of chemotaxis occurs when animals are preexposed to butanone and food at the same time, and not first to butanone and then to food.
The regulatory pathway including NSY-1 and DAF-11 produces the diversity of AWC neurons concerning olfactory sensation and plasticity The AWC ON /AWC OFF cell-fate determination is known to produce the diversity of AWC neurons concerning the sensation of dilute butanone and dilute 2,3-pentanedione as well as the expression of str-2 (Wes and Bargmann, 2001 ). This study revealed that the diversity is larger than the two fates, AWC ON and AW-C OFF , if we consider difference in plasticity (Table 1 ). The AW-C OFF neuron of olrn-1 mutants is different from that of the daf-11(m84) mutant in adaptation to benzaldehyde, whereas the AWC ON neuron of the nsy-1(ky542) mutant is different from that of the wild-type animal in adaptation to butanone. Thus, butanone enhancement is one of the many odor-related functions controlled by NSY-1 and DAF-11. The abnormality of butanone enhancement in olrn-1 mutants is not caused by the reduced sensation of butanone, because other mutants that show lower chemotaxis indexes exhibit normal butanone enhancement (Fig.  6 B) . How NSY-1 and DAF-11 control all of these functions is an Figure 6 . Bardet-Biedl syndrome genes are required for butanone enhancement in AWC ON neurons, whereas other cilium structure genes are not required. A, Rescue of the olrn-2 butanone enhancement phenotype with the wild-type olrn-2 cDNA driven by str-2 (AWC ON ) and gcy-10 (AWB and AWC) promoters. Results of three independent lines of animals carrying extrachromosomal array are shown for each promoter. The selection assay was used to detect the rescue sensitively. Four to six plates were used for all data. *p Ͻ 0.005, **p Ͻ 0.05, comparing olrn-2 animals with each line of olrn-2 animals carrying transgenes for butanone enhancement. B, Mutants in Bardet-Biedl syndrome genes exhibited defects in butanone enhancement. olrn-2(ut306) is allelic to bbs-8(nx77), and osm-12 gene encodes the C. elegans BBS-7. Four to 15 plates were used for all data. C, Mutants in other cilium structure genes did not exhibit defects in butanone enhancement. gpa-3(gf) is a strain with a chromosomal insertion of the gain-of-function (Q205L) mutant gpa-3 transgenes. Four to 15 plates were used for all data. The error bars indicate SEM. , osm-9, and osm-9;olrn-2 animals preexposed to butanone and the odor of food are shown, together with those of naive animals, animals preexposed to butanone and food, and animals exposed to butanone alone. The osm-9 mutant was used to reduce the effect of butanone adaptation, which hindered the detection of chemotaxis enhancement by preexposure to butanone and the odor of food. The osm-9;olrn-2 double mutant was used as a negative control of the osm-9 mutant. In all of these experiments, the amount of butanone and the time length for preexposure were exceptionally 0.24 l and 60 min to reduce the effect of butanone adaptation. Twelve plates were used for "N2, Butanone ϩ Odor of food," 9 plates for "N2, Butanone Ϫ Food," 13 plates for "osm-9, Naive," and 15 plates for "osm-9, Butanone ϩ Odor of food." Five to 15 plates were used for other data. *p Ͻ 0.005, comparing wild-type animals preexposed to butanone and the odor of food with those preexposed to butanone alone. **p Ͻ 0.05, comparing osm-9 animals preexposed to butanone and the odor of food with naive osm-9 animals. The error bars indicate SEM. intriguing issue for future studies. If they control each function separately, there must be an evolutionary reason why such relationships were made. In contrast, if they regulate these functions by controlling one or a few key molecules, the control mechanism must be closely related to the issue how the sensation and plasticity of different odorants are controlled in a different manner in AWC neurons, whereas all of the sensory signals are transduced by cGMP signaling. In any case, AWC diversity is required for maximum plasticity in the olfactory response. It also remains to be studied whether experience or neuronal activity alters the properties of AWC neurons through a mechanism involving NSY-1 or DAF-11 and thereby changes behavior in wild-type animals. This hypothesis may be interesting, considering that cGMP transduces sensory signals in AWC neurons (Komatsu et al., 1999; L'Etoile and Bargmann, 2000) and that the expression of str-2 is affected by neuronal activity in other sensory neurons (Peckol et al., 2001 ).
Functions of Bardet-Biedl syndrome genes, but not other cilium structure genes, are required for butanone enhancement The olrn-2/bbs-8(ut306) mutant showed abnormality in butanone enhancement, which was rescued by the expression of the wild-type olrn-2 gene in the AWC ON neuron. Mutants in other Bardet-Biedl syndrome genes also exhibited abnormality, but mutants in other classes of cilium structure genes did not. The latter genes include those producing components of intraflagellar transport (IFT) particles (IFT-A: DAF-10, CHE-11; IFT-B: OSM-1, CHE-2), an IFT motor kinesin (osm-3), and a protein for docking IFT particles with OSM-3 kinesin (DYF-1) (Rosenbaum and Witman, 2002; Ou et al., 2005) . Thus, butanone enhancement seems to require a BBS-specific function at the AWC ON cilium. It is known that IFT particles break down into two subcomplexes IFT-A and IFT-B in bbs-7 and bbs-8 mutants (Ou et al., 2005) . Whether this abnormality is the cause of the defect in butanone enhancement remains to be studied. Because functional difference between BBS genes and other cilium structure genes has not been elucidated, the results of this study may give a hint to the mechanism of Bardet-Biedl syndrome.
Sensory cilia are structures that can change dynamically even in adult animals (Fujiwara et al., 1999) . Many chemoreceptors, ion channels, and signal transduction components are localized at cilia, and their localization may be controlled by neuronal activity or the activity of signal transduction systems (Hu et al., 2006) . The relationship between butanone enhancement and these dynamic properties of sensory cilia remains to be studied.
Roles of AWC neurons in butanone enhancement
Butanone enhancement is considered to include butanone sensation, food sensation, integration of butanone and food signals, and formation of the memory, of which butanone sensation is known to occur in AWC neurons (Bargmann et al., 1993) . Furthermore, the following arguments suggest that AWC neurons may also perform the other processes. (1) Whereas olrn-2 gene is considered by its phenotype to be involved in some of these processes, the expression of olrn-2 gene in the AWC ON neuron is sufficient for normal butanone enhancement. It remains to be studied whether olrn-2 gene acts cell autonomously, but cilium structure genes are likely to act cell autonomously, as shown for che-2 gene (Fujiwara et al., 1999) . (2) As discussed above, chemotaxis enhancement by butanone and the odor of food, together with the phenotypes of osm-9 and lim-4 mutants, shows that AWC neurons are strong candidates of neurons that sense food in butanone enhancement. This may have connection with the finding that AWC neurons, together with ASK neurons, are required for the stimulation of egg laying by food (Sawin, 1996) . (3) If food is sensed by AWC, it would be much easier to integrate the two signals within AWC neurons than to transmit them as separate signals in AWC to downstream neurons. (4) Specific enhancement of butanone chemotaxis suggests that it is AWC sensory neurons and not downstream interneurons that have the memory for changing the behavior.
Thus, AWC neurons (the AWC ON neuron) may perform all of the essential processes of butanone enhancement in which sensory cilia and bbs genes may play an important role. Studies on butanone enhancement may clarify a new mechanism of sensory integration and offer an insight into the evolutionary origin and diversity of behavioral plasticity.
